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I. INTRODUCTION AND OBJECTIVES 
The major objective of plant breeding is to develop varieties of 
crop plants that produce high and stable economic returns. Varieties 
that fulfill this requirement in a defined set of environments are con­
sidered well adapted to those environments. 
The mean yield of the marketable product from a crop (e.g., grain) 
has been accepted as a parameter of adaptation since the beginning 
of selection in plant breeding. Recently, additional parameters of 
genotypic response to environmental variation wichin a defined set have 
been developed. 
My objective was to examine four adaptation parameters, mean 
yield, response regression coefficient, deviations from regression 
mean square, and stability variance for their value in selecting 
varieties of oats (Avena sativa L.) with differing adaptation reactions 
to the Iowa environment. More precisely, I attempted to measure the 
heritabilities of the parameters for two traits of economic importance 
in oats, grain and straw yields, and to examine the specificity of the 
parameters to factors of environmental variation, such as, dates of 
planting and levels of fertility. 
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II. LITERATURE REVIEW 
"Adaptation" often is used in biology to describe the general 
principle that "every living organism inherits the necessary structures 
and functions by means of which it interacts with the factors of the 
environment in which it lives and carries out the esseitial processes 
of life. These processes are: assimilation of uôw matter, reproduction, 
and the capture of energy" (de Beer, 1972). 
De Beer's definition demands that adaptation of any organism 
must be described relative to a defined set of environments. The 
adaptation of a crop plant genotype or population also is usually 
assayed relative to a defined set of genotypes or populations (Frey, 
1964). Generally, for cultivated plants, good adaptive capacity means 
stability of superior productiveness of economically important products 
relative to some set of genotypes in a defined set of environments 
(Frey, 1964). To achieve superior productiveness, a genotype of a 
crop plant must be able to carry out the three essential processes 
described by de Beer (1972) to the satisfaction of man. 
The first parameter used for measuring adaptation of crop plant 
genotypes was mean yield of each genotype from a sample of environments. 
Use of this parameter is very old, and its original use is unknown. 
The second parameter that is used to measure the dynamic response 
of a crop plant genotype to environmental variation is the regression 
coefficient proposed by Yates and Cochran (1938) and rediscovered by 
3 
Finlay and Wilkinson (1963). To calculate this coefficient, the mean 
yields of a genotype from a set of environments are regressed upon 
mean yields of all genotypes in these environments. Finlay and Wilkin­
son (1963) proposed that mean yield and regression coefficient taken 
together would successfully describe the adaptation reactions of barley 
varieties in South Australia. Varieties with regression coefficients 
less than 1.0 were defined as stable; those with regression coefficients 
greater than 1.0 were defined as unstable. Stable varieties with high 
mean yields were specifically adapted to low-yielding environments, 
and unstable varieties with high msan yields were specifically adapted 
to high-yielding environments. 
Eberhart and Russell (1966) proposed a third parameter, deviations 
from regression, to describe the adaptation of maize varieties in Iowa. 
Perkins and Jinks (1968) obtained similar parameters to Eberhart and 
Russell (1966) and Finlay and Wilkinson (1963) from a biometrical-
genetics model, but their regression coefficients centered around 0.0 
rather than 1.0. 
Eberhart and Russell (1966) and Perkins and Jinks (1968) used an 
analysis of variance to test for statistical significance of "hetero­
geneity of regressions". The statistical validity of this test has 
been questioned because mean performance of all genotypes in an environ­
ment is not independent of the mean of each genotype in that environ­
ment. The controversy surrounding this question is reviewed by Freeman 
(1973), and it suffices to say that statistically correct parameters 
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similar to the regression coefficient and deviations from regression 
can be obtained by structural relationship analysis (Tai, 1971). These 
differ only slightly from the regression coefficient and deviations 
from regression when the number of genotypes or range of environments 
is large (Tai, 1971). Alternatively, the mean of each genotype in each 
environment can be regressed on an independent measure of the environ­
ment, or environmental index (Freeman and Perkins, 1971). 
Regression coefficients reflect that portion of the genotypic 
stability associated with the capacity of a genotype to perform re­
latively better or worse in an unfavorable than in a favorable environ­
ment (Hanson, 1970), and also they allow prediction over environments 
(Breese, 1969). However, when only a small fraction of the genotype-
environment interaction variation is due to heterogeneity among re­
gression coefficients, characterization of genotypes by regression 
coefficients is not effective (Baker, 1969; Shukla, 1972). Effective 
use of regression coefficients seem to depend on both crop and environ­
mental set. For example, the regression approach was effective for 
barley yields in South Australia (Finlay and Wilkinson, 1963), forage 
yields of cocksfoot in Wales (Breese, 1969), and final height of 
Wir.otiana rustica in England (Perkins and Jinks, 1968), but ineffective 
for wheat yields in Canada (Baker, 1969) and tuber yields of potatoes 
in Canada (Tai, 1971). 
When only a small fraction of the genotype-environment interaction 
variation is due to heterogeneity among regression coefficients, parti­
tioning this variation into components due to each genotype may be more 
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meaningful than the regression approach. Plaisted and Peterson (1959) 
did this by calculating separate analyses of variance for each pair of 
genotypes in a potato experiment, and using the mean of the interaction 
variances involving an individual genotype as a measure of its contri­
bution to the total genotype-location interaction variance (environments 
were equivalent to locations). Wricke (1962) and Baker (1969) parti­
tioned the genotype-environment interaction variation directly into 
components due to individual genotypes, but their partition was non-
orthogonal, and therefore, it had undesirable statistical properties 
(Freeman and Perkins, 1971). Shukla (1972) partitioned the genotype-
environmental variance into individual genotype components which he 
called "stability variances". The significance of a stability variance 
can be tested by an F test. 
Most estimates of adaptation parameters have been made on a direct 
scale (i.e., kg, lb, etc.), but square root (Westerman and Lawrence, 
1970) and logarithmic scales (Finlay and Wilkinson, 1963) have been 
used also. Jowett (1972) estimated adaptation parameters for grain 
sorghum on both direct and logarithmic scales. The ranking of single 
crosses, three-way crosses, and varieties by regression coefficients 
differed on the two scales. The varieties had lower mean yields than 
single and three-way crosses, which explained the ranking change. 
Nevertheless, his work illustrated the point made by Knight (1970), 
namely, that different conclusions might be drawn from regression 
coefficients when measured on different scales. 
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Variations of the environment can be divided into two categories: 
predictable and unpredictable (Allard and Bradshaw, 1964). The first 
includes all permanent characters of the environment, such as, climate 
and soil type, and characteristics that fluctuate in a systematic way, 
such as daylength. Also included are aspects of environment that are 
manipulatable by man, such as planting date, plant density, and fertility 
levels (Allard and Bradshaw, 1964). The second category includes 
fluctuation in the weather (Allard and Bradshaw, 1964) and unpredict­
able diseases. 
Genotypic responsiveness would be desirable for some predictable 
environmental variables, but stability would be desirable for other 
predictable and all unpredictable variables. For example, responsive­
ness might be particularly useful for increasing fertility to maximize 
economic return per unit of fertilizer added (Perkins and Jinks, 1971). 
Ability to successfully select genotypes that are stable in one 
set of environments but responsive in a second is determined by degree 
of independence of parameters of dynamic response across the sets. 
Perkins and Jinks (1973), studying regression coefficients in Nicotiana 
rustica, obtained the required independence for flowering time and 
growth rate but not for height and leaf length. Environmental variation 
in the first set was due to sowing dates and plant populations and in 
the second to fertility levels. 
Potential varieties of plants are tested at a number of locations 
for a number of years in the testing phases of most plant breeding 
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programs. This is expensive and time consuming. If environmental 
variation which simulates variation due to locations and years could 
be created at a single location in a single year, the cost of varietal 
evaluation would be reduced. For success, adaptation parameters ob­
tained from controlled sets should reproduce those obtained from varia­
tion due to years and locations. Russell and Eberhart (1968) obtained 
parameters from a set with variable years and locations with a close 
enough correspondence to those from a set where plant populations 
partially substituted for locations to suggest that population density 
could be partially substituted for locations in testing maize genotypes. 
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III. APPROACHES TO THE PROBLEM 
I approached the problem of measuring heritability of adaptation 
parameters and assessing their selection potential in two ways. 
First, I estimated standard unit heritabilities of the parameters 
for grain and straw yields across samples of environments from a larger 
set of environments in Iowa. A significant heritability coefficient 
for a parameter would indicate selection potential for that parameter. 
Second, I measured response to selection for divergent grain yield 
regression coefficients within different grain yield levels. A 
significant response would allow the estimation of response-to-selection 
heritabilities and a response independent of the mean yield would indicate 
that the regression coefficient has potential for selecting varieties 
which are specifically adapted to either high or low yielding environ­
ments . 
I approached the problem of examining the environmental specific­
ity of adaptation parameters to environmental sets by dividing the 
total environmental set into subsets. Within each subset, environmental 
variation was due to identifiable environmental factors. Correlations 
of adaptation parameters between subsets measured specificity, with a 
zero correlation between subsets indicating high specificity. When 
environmental variation within one set was due to years and locations, 
a significant correlation between the parameters measured in this set 
with those in another would suggest that the second set could be sub­
stituted for years and locations in variety evaluation. 
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IV. PROCEDURES 
A. Statistical Models 
The general model for t genotypes grown in s environments with r 
replicates in each environment can be represented by, 
= W + di + Ej + fjk + Sij + «ijk 
where y\j^ is the yield of the ith genotype in the kth replicate of the 
jth environment, p is the overall mean, d^ is the genetic contribution 
of the ith genotype, e. is the contribution of jth environment, r., is 
3 J K 
the contribution of the kth replicate in the jth environment, g^^ is 
the interaction of the ith genotype and the jth environment, and e.., 
is the residual variation of the ith genotype in the kth replicate of 
the jth environment. 
Regressing g^j on gives: 
fiik - w + di + Cj + fjk + S. = . + + Sijk (2) 
where is the linear regression coefficient for the ith line, and 5^^ 
is a deviation from regression (Perkins and Jinks, 1968). 
For each oat line, four parameters were used to describe adaptation 
in a set of environments. Three of these, the mean (y + d^), the re-
2 
eression coefficient (1 + 3.) and the deviation mean square Z 6 /(s-2) 
^ j ij 
can be obtained directly from the preceding model by least squares 
(Perkins and Jinks, 1968). The least squares estimates are 
10 
U + d. = z Z yjjk 
^ j k sr 
and 
1 + 6. = Z 
j j 
where y = Z ^ijk , 
' k 
and the least squares estimates of y and p + are 
y = Z Z Z ^ijk 
i j k srt 
and 
p + e. = Z Z ^ijk 
3 i k 
The deviation sum of squares is obtained as 
f/ 
where y. = Z Z ^ijk . 
i k — 
2 
The fourth parameter, the stability variance (G^ ), is calculated 
11 
from 
G.^ - [t(t-l) Z (y - y - y . + y 
(s-1) (t-1) (t-2) J 
- ? ? (y<4 - y. - y - + y )^] i j ij. !.. .] 
where y . = Z Z 
•J- 1 k rt 
and y = ? ? f 
••• X J k srt 
which was derived by Shukla (1972). 
When is regressed on , an independent measure of environment, 
the model becomes 
yyk = % + di + Ej + fjk + SiZj + «ij + ") 
and the least squares estimate of the regression coefficient is 
1 + Si - Z yy. Zj 
The analysis of variance table for model (2), plus the expected 
2 
mean squares needed to estimate genotypic (a^) and genotype x environment 
2 (Ogg) interaction variances, are presented in Table 1. The form of the 
table and degrees of freedom follow the notation of Perkins and Jinks 
(1968). The F-test was used for tests of significance. Eberhart and 
Table 1. General form of an analysis table for t genotypes grown in r replications in 
8 environments^. 
Source of variation Degrees of 
freedom 
Mean square Expected mean 
square 
Environments (s-1) rt E (Ej)2/(8-l) 
Reps/environments s(r-l) 
Genotypes (t-1) rs Z (d^)2/(t_i) 2 ^ 2 ^  2  o + ra + rsa ge g 
Genotypes x environments (t-l)(s-l) r EE (gjj)2/(t-l)(s-l) 2 ^  2 a + ro ge 
Heterogeneity of regressions (t-1) rE (e^)2 E (Ej)2/(t-l) 
Deviations (t-1)(8-2) rEE (6 )2/(t-1)(8-2) 
ij 
Residual s(t-1)(r-1) 2 a 
^For symbols, see text. 
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Russell (1966) and Freeman and Perkins (1971) considered the significance 
levels obtained when mean squares for heterogeneity of regressions were 
tested against those for deviations from regression to be approximate 
with the F-test, but with homogeneous errors, levels of significance 
with the F-test are exact (Mandel, 1961; Shukla, 1972). Partitions of 
the sums of squares for genotypic and heterogeneity of regressions 
sources in model (3) into sources between and within groups of lines, 
were made using statistical procedures of Kempthorne (1952). A parti­
tion of the sum of squares for heterogeneity of regressions into two 
components, one due to concurrence of the regression lines at a point 
with one degree of freedom ana a second due to nonconcurrence was made 
using the method of Mandel (1961). The formula for calculating the sum 
of squares for concurrence was 
2 S = r H, 
where S is the sum of squares for concurrence, r is the correlation 
between regression coefficients (1 + 6) and mean yields yi.., and H is 
the sum of squares due to heterogeneity of regressions. This formula 
is similar to those of Wright (1971) and Mandel (1961), The environment­
al mean yield at the point of concurrence (P) was found from 
P = y -h 
••• B 
where B is the regression of (1 + 3^) on y^ (Mandel, 1961). 
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To estimate genotypic variances within individual environments, 
model (2) is condensed to 
= y + di + Tk + e-k-
The expected mean square for genotypes is condensed to 
2 ^ 2 
a + ra , 
g 
2 
where a is the error variance. 
2 
The "per plot" heritability (h ) within individual environments 
was estimated from 
g e 
The components of variance heritability which is appropriate for 
genotypic means across environments was calculated from 
2 
2 2 2 (a + ra + rso )/rs 
ge g 
15 
B. Statistical Transformations 
Error mean squares from the variance analyses of experiments with 
identical treatments, but conducted in different environments, are often 
heterogeneous (Yates and Cochran, 1938). When experimental means and 
error variances are correlated, a transformation to stabilize the error 
variance is recommended before conducting a combined analysis (Bartlett, 
1947) . 
To remove the correlation between the error mean squares and 
environment means inherent in my data, I used a transformation of the 
form Y = g(X), where X is the yield of the original scale, Y is the yield 
on the transformed scale, 
g(x) = (1) 
and a is a constant. To obtain the value of a^, I used the method de­
scribed by Hinz and Eagles (1975). 
C. Selection of Oat Lines 
The oat lines for my experiments were selected from a population 
of 1200 random F^-derived lines. The population from which these 
lines were chosen originated by mixing seeds (10 g per cross) from 
approximately 75 crosses. During the inbreeding process the population 
was subjected to mass selection for resistance to crown rust, reduced 
plant height, and early maturity. 
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In 1967 and 1968, the 1200 oat lines were evaluated in three-
replicate experiments at three sites in Iowa, Ames, Sutherland and 
Cresco. Each site tends to have a different amount and distribution of 
rainfall, and different seasonal temperature. The Ames site in central 
Iowa, has a rich glacial-till soil, 82 cm annual rainfall, and moderate 
temperatures for early spring growth. The Sutherland site in north­
western Iowa, has a deep loess soil, 71 cm annual rainfall, and occasional 
late spring frosts. The Cresco site in northeastern Iowa, has a shallow 
glacial-till soil with an impervious subsoil that causes drainage pro­
blems, 86 cm annual rainfall, and cool spring temperatures. These 
sites are representative of soil and climatic factors encountered in the 
oat-growing areas of northern Iowa, and for purposes of selection, the 
six environments were considered to be a random sample of the environ­
ments used to test oat varieties for the region. 
From the 1200 lines, 12 groups were selected using grain yield 
data from the six environments. Selection criteria and number of lines 
in each group are summarized in Table 2. When two groups contained the 
same line, it was entered in my experiment twice to facilitate data 
analysis. 
The first nine groups, containing 16 lines each, were selected to 
have contrasting grain-yield and regression-coefficient means. To 
obtain the first six groups, the 139 lines with the highest mean yields 
and the 139 lines with the lowest mean yields were selected. From each 
yield group, the 16 lines with the highest, the 16 lines with the lowest. 
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Table 2. Criteria used to select 12 groups of oat lines. 
Group number Number of Selection criteria 
lines Mean yield Regression coefficient 
1 16 high high 
2 16 high average 
3 16 high low 
4 16 low high 
5 16 low average 
6 16 low low 
7 16 average high 
8 16 average average 
9 16 average low 
10 9 - high 
11 9 - low 
12 80 random random 
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and the 16 lines with regression coefficients nearest to 1.0 were 
chosen. To select lines for the remaining three groups, no selection 
was made on mean yield, but the 139 lines with the highest, the 139 
lines with the lowest, and the 139 lines with regression coefficients 
closest to 1.0 were separated, and from each of these sets, 16 lines 
were chosen randomly. 
Group 10 contained the nine lines udth the highest regression 
coefficients and group 11 the nine lines with the lowest regression 
coefficients irrespective of their mean yields. 
Group 12 contained 80 random lines. 
D. Selection of Environments and Experimental Designs 
The 242 selected oat lines were evaluated further in 24 environments 
in 1972 and 1973. Locations, planting dates, planting rates, crop 
rotations, and fertilizer applications used to create these environments 
are described in Table 3. 
In 1972 and 1973, I sowed experiments at Ames and Sutherland sites 
used in 1967 and 1968, and in addition I conducted experiments at Kana­
wha, in north central Iowa, which has soil conditions and temperatures 
similar to those at Ames, and at Castana, in western Iowa, which has a 
deep loess soil and moderate temperatures. 
Environments 1 to 9 and 11 to 13 are representative of those used 
in the Iowa State University oat-testing program for northern Iowa. 
Table 3. Description of environments in which the oat lines were grown. 
Environment Location Planting date Number of Type of Special 
number seeds per plot rotation fertilizer 
application 
1 Ames late March 1967 32 
2 Sutherland early April 1967 32 
3 Cresco mid April 1967 32 
4 Ames late March 1968 32 
5 Sutherland early April 1968 32 
6 Cresco mid April 1968 32 
7 Ames April 8, 1972 30 
8 Sutherland April 11, 1972 30 
9 Kanawha April 19, 1972 30 
10 Kanawha April 18, 1972 30 
11 Ames April 21, 1973 30 
12 Sutherland April 5, 1973 30 
13 Kanawha April 24, 1973 30 
14 Kanawha April 24, 1973 30 
15 Ames May 5, 1973 30 
16 Ames May 16, 1973 30 
17 Ames April 22, 1973 8 
18 Ames April 22, 1973 16 
19 Ames April 22, 1973 32 
20 Ames April 22, 1973 48 
21 Ames April 22, 1973 64 
Table 3 (continued) 
Environment 
number 
Location Planting date Number of 
seeds per plot 
Type of 
rotation a 
Special 
fertilizer 
application 
22 Castana April 17, 1972^ 
April 7, 1973c 30 C—C—0—M 0 kg P.Or/ha 
23 Castana April 17, 1972^ / J 
April 7, I973C 30 C-O-M-M 0 kg P,0./ha 
24 Castana April 17, 1972^ 
April 7, I973C 30 C-C-O-M 134 kg P,0_/ha 
25 Castana April 17, 1972^ / D 
April 7, I973G 30 C-O-M-M 202 kg P.Oc/ha 
N/ha 26 Kanawha April 18, 1972 30 C-C-C-0 0 kg 
27 Kanawha April 18, 1972 30 C—C—C—0 67 kg N/ha® 
28 Kanawha April 18, 1972 30 C-C-O-M 0 kg N/ha 
29 Kanawha April 18, 1972 30 C—C—C—0 134 kg N/ha® 
30 Kanawha April 18, 1972 30 C-O-M-M 67 kg N/ha® 
represents corn, 0 represents oats and M represents meadow. 
^1 replicate planted in 1972. 
^2 replicates planted in 1973. 
'^Applied to the oats crop. 
^Applied to the preceding corn crop. 
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Hereafter they will be referred to as "test sites". Environments 10 
and 14 were obtained by planting on a field at Kanawha which had been 
planted continuously to oats since 1961, and to which no nitrogen 
fertilizer had been applied for 10 or more years. Environments 9, 10, 
13, and 14 are referred to as "Kanawha fields". Environments 11, 15, 
and 16 were at Ames in 1973 and differed in planting date. They re-
prerent "planted dates". Environments 17, 18, 19, 20, and 21 differed 
in the number of seeds sown per plot (i.e., 4, 8, 16, 32, and 64 seeds 
per plot), and represent "planting rates". Environments 22 to 25 re­
presented long-term fertility rotation treatments at Castana, and pro­
ductivity differences between them probably were due to the avail­
ability of soil phosphorus. Hereafter, these environments will be 
referred to as "Castana rotations". One replicate was grown in the 
"Castana rotations" in 1972 and two replicates were grown in 1973. The 
yield from the three replicates of a fertility treatment were similar, 
and the error variances estimated on a 3-replicate basis from 1972 and 
1973 data combined were slightly smaller than those estimated from 1973 
data alone. Because of the apparent lack of genotype x years inter­
action variation from analyses conducted within each of the fertility 
treatments, the four fertility treatments were considered as four 
environments each with three replicates. Environments 26 to 30 re­
presented long-term fertility rotation experiments at Kanawha. Pro­
ductivity differences among them probably were due to differences in 
availability of soil nitrogen. These environments will be referred 
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to as "Kanawha rotations". 
For easy reference, the environments in each set are listed in 
Table 4. 
The experimental design used in each environment was a randomized 
complete block with three replicates in'environments 1 to 25 and two 
replicates in environments 26 to 30. A plot was a hill, and plots were 
spaced 30.5 cm apart in perpendicular directions. Except in the planting 
rates set of environments, a plot was sown with 30 seeds. Each experi­
ment was hoed to eliminate weeds, and the plants were sprayed with a 
fungicide (Maneb or Dithane M-45) at weekly intervals from anthesis to 
maturity to eliminate foliar diseases. 
When mature, the plants of a plot were harvested at ground surface 
and a dry weight was taken on the bundle of culms. After being threshed, 
grain yield was recorded for the plot and straw yield was calculated by 
subtracting grain weight from bundle weight. Both yields were recorded 
in grams per plot. 
E. Division of the Environmental Set 
To investigate the repeatability and estimate standard unit herit-
abilities of adaptation parameters, I used the 80 lines in group 12 as 
experimental materials, and 24 of the environments with three replicates. 
Environment 19 was not used because it was almost identical to environ­
ment 11 (Table 3). 
23 
Table 4. Environments within environmental sets. 
Environmental set Environments 
Test sites 1, 2, 3, 4, 5, 6, 7, 8, 9, 11, 12, 13 
Kanawha fields 9, 10, 13, 14 
planting dates 11, 15, 16 
Planting rates 17, 18, 19, 20, 21 
Castana rotations 22, 23, 24, 25 
Kanawha rotations 26. 27, 28. 29. 30 
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To obtain two estimates of an adaptation parameter for one line, 
the 24 environments were divided into two sets of 12 by three methods. 
For the first method (random), they were divided randomly. For the 
second method (stratified) the 24 environments were separated into 
12 pairs, so that the two highest yielding environments were together, 
the 3rd and 4th highest yielding, etc. Then, one member of each pair 
was randomly assigned to each set. For the third method (extreme), one 
set contained the 12 highest-yielding environments and the other 12 
lowest-yielding environments. The same sets of environments were used 
for both grain and straw yields with the first method, but with the 
latter two methods, the sets were constructed independently for grain 
and straw yields. 
The environments placed in the two sets for each method of dividing 
the 24 environments are shown in Table 5. The stratified method should 
represent the best one for obtaining adaptation parameters which are 
similar in the two sets, whereas the extreme method should represent the 
worst. 
Analyses were conducted on straw and grain yield data from each 
set of environments separately; therefore, for each method of environ­
mental division, two estimates were obtained for mean yield, regression 
coefficient, deviations from regression and stability variance for each 
line. As measures of the repeatability of the four parameters, product 
moment correlation coefficients were calculated between the two arrays 
of 80 adaptation parameter estimates available for each environmental 
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Table 5. Environments included in the random, stratified, and extreme 
divisions of 24 environments into two sets of 12. 
Random Stratified Extreme 
Set 1 Set 2 Grain Straw Grain Straw 
Set 1 Set 2 Set 1 Set 2 Set 1 Set 2 Set 1 Set 2 
1 3 1 2 1 3 1 3 1 5 
2 6 3 7 2 4 2 5 2 6 
4 7 4 11 5 6 4 6 3 10 
5 10 5 12 7 9 7 10 4 13 
8 11 6 13 8 11 8 13 7 14 
9 13 8 15 10 12 9 14 8 15 
12 15 9 16 13 15 11 16 9 16 
14 16 10 17 14 16 12 17 11 17 
18 17 14 21 17 20 15 22 12 22 
20 21 18 23 18 22 18 23 18 23 
23 22 20 24 21 24 20 24 20 24 
25 24 22 25 23 25 21 25 21 25 
26 
division. For these oat lines, the correlation coefficients were 
equivalent to standard unit heritabilities (Frey and Homer, 1957). 
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V. RESULTS 
A. Statistical Descriptions 
Means and error mean squares for grain and straw yields obtained 
from analyses of variance for individual environments are presented in 
Tables 6 and 7, respectively. There were large differences between 
environments for mean grain yield (7.2 g to 38.1 g) and mean straw yield 
(6.3 g to 53.5 g). Also, there were large differences between the 
2 2 
error mean squares for grain yield (3.3 g to 41.6 g ) and straw yield 
2 2 (4.4 g to 70.2 g ). The relationships between the means and error 
mean squares was curvilinear for both traits, and the best fitting 
regression lines probably would pass through the origin (Figs. 1 and 2). 
To find a transformation for the individual plot measurements that 
would make the error mean squares independent of the means, the log 
error mean squares were regressed on the log means, and the proper 
transformation function was obtained using the formulas of Hinz and 
Eagles (1975). The successful transformation functions were 
0.34 0.37 
Y = X and Y = X 
for grain and straw yields, respectively. Both approximated a cube-
root transformation which was used to transform the measurements for 
both traits. Scatter diagrams of the environmental means and error 
mean squares computed from the transformed data showed these two 
statistics now were independent (Figs. 3 and 4). Furthermore, the 
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Table 6- Environmental means, error mean squares, genotypic variances, 
and heritabilities for grain yield for group 12 oat lines 
tested in 30 environments. 
Environment Mean yield Error mean Genotypic Heritability 
number square variance 
1 33.3 41.6 22.3 0.35 
2 31.0 24.5 8.0 0.25 
3 29.0 18.1 12.6 0.41 
4 35.0 37 .1  11.3 0.23 
5 19.9 11.3 6.0 0.35 
6 24.8 10.7 7.1 0.40 
7 35.4 39.1 22.6 0.37 
8 33.2 29.1 7.0 0.19 
9 38.1 40.4 3.8 0.09 
10 23.4 10.7 2.9 0.21 
11 34.2 29.4 6.7 0.19 
12 35.9 30.0 5.5 0.16 
13 24.6 13.2 8.0 0.38 
14 13.5 5.0 2.0 0.29 
15 31.2 16.8 8.8 0.34 
16 17.9 13.6 3.5 0.20 
17 27.8 32.2 0.2 0.00 
18 30.4 25.4 1.9 0.07 
19 32.7 20.4 5.9 0.23 
20 34.6 20.6 6.5 0.24 
21 33.3 20.6 6.5 0.24 
22 7.2 3.3 1.5 0.31 
23 10.8 9.5 0.8 0.08 
24 17.8 17.9 2.8 0.13 
25 27.4 37.4 4.2 0.10 
26 8.5 3.9 0.5 0.12 
27 13.3 10.2 1.6 0.13 
28 20.0 21.2 -0.2 0.00 
29 19.4 21.1 2.2 0.10 
30 32.0 23.7 16.1 0.40 
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Table 7. Environmental means, error mean squares, genotypic variances, 
and heritabiiities for straw yield for group 12 oat lines 
tested in 30 environments. 
Environment Mean yield Error mean Genotypic Heritability 
number square variance 
1 49.5 70.2 48.7 0.41 
2 41.6 42.8 18.7 0.30 
3 35.1 25.4 19.1 0.43 
4 53.5 85.C 27.3 0.24 
5 30.3 28.3 4.6 0.14 
6 31.3 22.6 12.3 0.35 
7 48.4 56.8 26.9 0.32 
8 40.5 41.0 9.5 0.19 
9 49.3 58.7 14.3 0.20 
10 25.7 15.0 2.2 0.13 
11 42.2 52.0 5.8 0.10 
12 39.3 34.7 3.9 0.10 
13 31.0 25.0 8.2 0.25 
14 17.2 8.3 1.2 0.12 
15 33.9 21.2 5.9 0.22 
16 26.7 21.3 10.3 0.33 
17 31.6 34.5 -0.1 0.00 
18 34.4 37.2 7.4 0.17 
19 39.5 31.2 9.0 0.22 
20 44.2 35.5 2.5 0.07 
21 44.4 32.0 8.7 0.21 
22 6.3 4.4 1.1 0.20 
23 10.3 8.6 2.4 0.22 
24 16.6 23.8 0.9 0.04 
25 29.0 42.5 3.2 0.07 
26 12.1 6.2 1.3 0.18 
27 14.4 9.7 1.4 0.12 
28 24.4 26.4 0.3 0.00 
29 22.5 21.6 2.2 0.09 
30 41.8 47.1 28.5 0.38 
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cube-root transformation reduced the heterogeneity of error mean squares 
considerably (Tables 8 and 9). For grain yield, the largest error mean 
square was 12.6 times the smallest on the direct scale, but only 3.2 
times larger on the cube-root seal'?, and for straw yield, the largest 
error mean square was 19.4 times the smallest on the direct scale, but 
3.2 times the smallest on the cube-root scale. 
Also, there were considerable differences among the estimates of 
genotypic variances for grain yield and straw yield in the different 
environments (Tables 6 and 7), and as with error variances, the genotypic 
variances showed a curvilinear relationship with mean yields (Figs. 5 
and 6). The cube-root transformation was partially successful in making 
the genotypic variances and mean yields independent (Figs. 7 and 8). 
"Per plot" heritabilities were independent of the environmental 
means for both grain and straw yields (Figs. 9 and 10), probably, due to 
the fact that the relationships between error variances and mean yields 
and between genotypic variances and mean yields were similar in function. 
Neither did Johnson and Frey (1967) find any relationship between mag­
nitudes of variances and heritabilities for grain yield of 27 oat vari­
eties grown in 10 environments in Iowa. The magnitudes of heritability 
values from individual environments were nearly identical when computed 
from data collected on the direct scale as when collected on the cube-
root scale. This suggests that the transformation has altered the 
genotypic and error variance from each environment similarly, a result 
which also is suggested from the similar functional relationship of 
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Table 8. Environmental means, error mean squares, genotypic variances, 
and heritabilities for grain yield for group 12 oat lines 
tested in 30 environments and measured on a cube-root scale. 
Environment Mean yield Error mean Genotypic Heritability 
number square 
(x 10"^) 
variance 
(x 10"^) 
1 3.19 44.4 24.0 0.35 
2 3.13 28.5 9.0 0.24 
3 3.05 23.7 16.9 0.42 
4 3.25 36.9 11.9 0.24 
5 2.69 21.6 13.1 0.38 
6 2.90 17.2 11.3 0.40 
7 3.26 40.3 24.5 0.38 
8 3.20 31.0 7.8 0.20 
9 3.35 35.7 3.5 0.09 
10 2.85 18.6 4.6 0.20 
11 3.23 30.4 7.1 0.19 
12 3.28 29.3 5.5 0.16 
13 2.89 21.0 13.5 0.39 
14 2.37 16.6 7.7 0.32 
15 3.13 19.3 10.2 0.35 
16 2.60 34.3 7.8 0.18 
17 3.01 42.7 -0.1 0.00 
18 3.10 32.8 1.8 0.05 
19 3.18 22.4 6.7 0.23 
20 3.24 21.5 6.6 0.23 
21 3.20 21.6 7.2 0.25 
22 1.91 25.7 12.2 0.32 
23 2.18 42.9 4.3 0.09 
24 2.59 44.2 5.6 0.11 
25 2.99 53.9 5.6 0.09 
26 2.00 23.7 2.9 0.11 
27 2.35 36.5 5.2 0.12 
28 2.70 43.2 -0.1 0.00 
29 2.66 46.2 3.7 0.07 
30 3.16 27.8 12.0 0.30 
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Table 9. Environmental means, error mean squares, genotypic variances, 
and heritabilities for straw yield for group 12 oat lines 
tested in 30 environments and measured on a cube-root scale. 
Environment Mean yield Error mean Genotypic Heritability 
number square variance 
(x 10~^) (x 10"^) 
1 3.64 41.5 32.0 0.44 
2 3.45 32.3 15.0 0-32 
3 3.26 24.8 19.4 0.44 
4 3.75 47.8 16.6 0-26 
5 3.10 33.8 5.0 0.13 
6 3.14 25.1 14.2 0.36 
7 3.62 36.8 18.7 0.34 
8 3.42 33.6 7.9 0.19 
9 ; 3.65 36.5 8.0 0.18 
10 2.94 22.8 2.9 0.11 
11 3.46 39.6 4.3 0.10 
12 3.38 30.1 3.6 0.11 
13 3.12 28.6 9.7 0.25 
14 2.57 19.1 3.1 0.14 
15 3.22 23.4 6.0 0.20 
16 2.97 32-4 13.3 0.29 
17 3.14 37.9 0.0 0.00 
18 3.23 36.1 7.6 0.17 
19 3.39 25.6 8.5 0.25 
20 3.52 25.4 1.8 0.07 
21 3.52 22.8 6.5 0.22 
22 1.81 44.3 9.4 0.18 
23 2.15 45.0 11.2 0.20 
24 2.52 60.5 2.1 0.03 
25 3.05 55.9 3.2 0.05 
26 2.27 26.3 3.0 0.10 
27 2.42 30.6 3.4 0.10 
28 2.88 39.9 0.4 0.00 
29 2.80 38.7 2.7 0.07 
30 3.45 37.2 13.6 0.27 
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genotypic and error variances to mean yields. 
B. Heritabilities of Adaptation Parameters 
Heritabilities of the four adaptation parameters were estimated by 
three methods. (a) Grain and straw yields for the 80 random oat lines 
in group 12 collected in different sets of environments were used to 
estimate standard unit heritabilities, (b) genotypic and environmental 
variances from analyses of grain and straw yields of the 80 random lines 
in group 12 were used to estimate heritabilities by the components-of-
variance method, and (c) the grain yields of the selected oat lines 
in groups 1 to 11 were compared to those of the random lines of group 12 
to provide estimates of response-to-selection, or realized, heritabilities. 
Heritabilities of all four adaptation parameters (mean yield, 
regression coefficient, deviation mean square and stability variance) 
for both grain and straw yield were obtained by the first method (a). 
The second method (b) provided estimates for mean yields only, and the 
third (c) provided heritability estimates for mean grain yield and 
grain yield regression coefficients free of correlations between 
regression coefficients and mean yields. 
Analyses of variance were conducted on grain and straw yields 
measured on both direct and cube-root scales. Tests of significance 
from computations using data on the direct scale are only approximations 
because of the known association between environmental means and error 
variances on this scale. However, this is the scale commonly used to 
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measure adaptation parameters in agronomic research, and analyses using 
it are helpful for interpretation purposes. This point will become 
clear later. Analyses of the data for the 80 random lines in group 12 
collected from the 24 environments showed the existence of significant 
variation among line means for grain and straw yields (Table 10). 
Furthermore, the mean squares for lines x environments were highly 
significant for both traits. However, the mean squares for heterogeneity 
among regression parameters were significant for straw yield only. Mean 
squares for deviations from regression were highly significant for both 
traits. 
As mentioned previously, to calculate standard unit heritabilities, 
the data from the 24 environments were divided into two sets by three 
environmental division procedures, random, stratified and extreme. The 
means and ranges for the two environmental sets for each procedure are 
presented in Table 11 for grain yields and Table 12 for straw yields. 
With the random procedure, mean grain yields for the two sets differed 
by approximately 12% on both scales, whereas with the stratified pro­
cedures, the means for the two sets were nearly identical, and as 
expected, the extreme procedure resulted in sets with very different 
means (Table 11). Interestingly, the ranges of the two sets were more 
uniform for the random than the stratified procedure. With the extreme 
procedure, set 1, which had the high mean grain yield, had a range of 
7.1 g on the direct scale, but set 2, which had the low mean yield, had 
a range of 21.8 g. This is a manifestation of the disproportionate 
Table 10. Mean squares for grain and straw yields measured on direct and cubi'-root scales for 
group 12 oat lines tested in 24 environments. 
Source of variation Degrees of Direct scale Cubi -root scale 
freedom Grain yield Straw yield Grain yield Straw yield 
Environments 23 17647. 1** 37211.8** 34.127** 55.476** 
Reps/environments 48 191. 0** 522.0** 0.346** 0.574** 
Lines 79 294. 6** 451.1** 0.407** 0.441** 
Lines x environments 1817 31. 8** 48.3** 0.043** 0.046** 
Het. regressions 79 38. 6 109.3** 0.047 0.063* 
Deviations 1738 31. 5** 45.5** 0.043** 0.04 5** 
Residual 3792 22. 4 34.5 0.031 0.035 
*F value is significant at 5% level. 
**F values are significant at 1% level. 
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Table 11. Mean yields and environmental ranges for grain yields 
measured on direct and cube-root scales for group 12 oat 
lines tested in two sets of 12 environments obtained by 
random, by stratified, and by extreme division of 24 
environments. 
Environmental 
division 
Scale Set 1 Set 2 
Mean Range Mean Range 
Random 
Stratified 
Extreme 
Direct 
Cube-root 
Direct 
Cube-root 
Direct 
Cube-root 
28.6  
3.00 
26.9 
2.93 
33.8 
3.22 
27.4 
1.18 
30.9 
1.44 
7.8 
0.24 
25.6 
2.89 
27.3 
2.96 
20.4 
2.67 
28.2 
1.35 
25.1 
1.10 
21.8 
1.15 
Table 12. Mean yields and environmental ranges for straw yields 
measured on direct and cube-root scales for group 12 oat 
lines tested in two sets of 12 environments obtained by 
random, by stratified, and by extreme division of 24 
environments. 
Environmental Scale Set 1 Set 2 
division Mean Range Mean Range 
Random Direct 36.6 43.2 31.1 42.1 
Cube-root 3.24 1.60 3.06 1.81 
Stratified Direct 33.7 39.1 34.0 47.2 
Cube-root 3.16 1.50 3.14 1.94 
Extreme Direct 43.5 19.1 24.2 27.6 
Cube-root 3.49 0.51 2.81 1.41 
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number of the 24 environments that had high productivities (Tables 6 
and 7). Transformation of the grain yield data from a direct to a cube-
root scale did not change the general relationships of the means and 
ranges among environmental sets. Generally, the relationships described 
for grain yields were similar for straw yields (Table 12). 
The analyses of variance for grain and straw yields when classified 
according to sets are presented in Tables 13 and 14, respectively. The 
mean squares for lines x environments within sets were significant for 
both grain and straw in all sets except set 2 from the extreme division 
procedure using the direct scale. On the cube-root scale, all mean 
squares for lines x environments within sets were significant. Grain 
yield regressions were significantly heterogeneous in set 2 of the 
random division on direct and cube-root scales and in set 1 of the 
stratified division on the cube-root scale, but with no procedure did 
significant heterogeneity of regressions exist in both sets. Hetero­
geneous regressions for straw yield existed in both random and both 
stratified sets on the direct scale and in both stratified and both 
extreme sets on the cube-root scale. Heterogeneity of error variances 
among environments when direct scale data are used will distort signif­
icance levels to an unknown degree, so significant heterogeneity among 
regressions may exist in both sets only for the stratified division of 
straw yields. 
Mean squares for deviations from regressions were significant in 
both sets for the random and stratified divisions on the direct and 
Table 13. Mean squares for grain yields measured on direct and cube-root scales for group 12 
oat lines tested in 24 environments which have been divided by random, stratified 
and extreme procedures into 2 sets of 12. 
Source of variation Degrees of Direct scale 
freedom Random Stratified Extreme 
Sets 1 13173.4 254.7 260306.2** 
Environments/sets 22 17850.4** 18437.6** 6617.1** 
Within set 1 11 19535.2** 21378.8** 1195.2** 
Within set 2 11 16165.7** 15496.5** 12039.0** 
Reps/envs/sets 48 191.0** 191.0** 191.0** 
Lines 79 294.6** 294.6** 294.6** 
Lines x sets 79 24.3 34.7 36.2 
Lines x envs/set 1 869 35.6** 31.3** 41.7** 
Het. regressions 79 22.9 30.7 32.7 
Deviations 790 36.9** 31.4** 42.7** 
Lines x envs/set 2 869 28.7** 32.0** 21.4 
Het. regressions 79 40.1* 29.5 23.5 
Deviations 790 27.5** 32.2** 21.2 
Residual 3792 22.4 22.4 22.4 
*F values are significant at 5% level. 
**F values are significant at 1% level. 
Table 13 (continued) 
Cube-root scale 
Random Stratified Extreme 
18.019 1.538 427.682** 
34.859** 35.608** 16.238** 
34.853** 43.525** 1.191** 
34.866** 27.692** 31.286** 
0.346** 0.346** 0.346** 
0.407** 0.407** 0.407** 
0.034 0.050 0.037 
0.044** 0.042** 0.044** 
0.036 0.054* 0.033 
0.045** 0.041** 0.045** 
0.043** 0.043** 0.043** 
0.069** 0.038 0.044 
0.040** 0.044** 0.042** 
0.031 0.031 0.031 
Table 14. Mean squares for straw yields measured on direct and cube-root scales for group 12 
oat lines tested in 24 environments which have been divided by random, stratified 
and extreme procedures into 2 sets of 12. 
Source of variation Degrees of Direct scale 
freedom Random Stratified Extreme 
Sets 1 43378.7 64.4 540543.8** 
Environments/sets 22 36931.5** 38900.3** 14333.2** 
Within set 1 11 41177.7** 34762.3** 8287.4** 
Within set 2 11 32685.4** 43038.4** 20378.8** 
Reps/envs/sets 48 522.0** 522.0** 522.0** 
Lines 79 451.1** 451.1** 451.1** 
Lines x sets 79 37.3 41.4 88.5** 
Lines x envs/set 1 869 58.0** 50.1** 66.2** 
Het. regressions 79 79.8* 94.7** 101.8** 
Deviations 790 55.8** 45.6** 62.7** 
Lines x envs/set 2 869 39.7* 47.2** 26.7 
Het. regressions 79 54.4* 68.2** 28.7 
Deviations 790 38.2* 45.1** 26.5 
Residual 3792 34.5 34.5 34.5 
*F values are significant at 5% level. 
**F values are significant at 1% level. 
Table 14 (continued) 
Cube-root scale 
Random Stratified Extreme 
46.876 0.328 670.554** 
55.867** 57.983** 27.518** 
53.824** 47.324** 5.964** 
57.909** 68.642** 49.072** 
0.574** 0.574** 0.574** 
0.441** 0.441** 0.441** 
0.041 0.040 0.052 
0.048** 0.045** 0.048** 
0.050 0.060* 0.063* 
0.048** 0.043** 0.046** 
0.045** 0.048** 0.044** 
0.065** 0.070** 0.061* 
0.043** 0.046** 0.042** 
0.035 0.035 0.035 
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cube-root scales for both grain and straw yields. On the direct scale, 
a nonsignificant mean square existed for this source of variation in 
the low yielding set for both traits. 
Standard unit heritabilities for mean grain yield ranged from 0.78 
to 0.85 (Table 15), and for mean straw yield from 0.81 to 0.86 (Table 
16). All were extremely high, and their magnitudes did not depend on 
either the type of environmental division employed or the scale of 
measurement. Heritabilities calculated from the mean squares in Table 
10 using the components of variance method were 0.89 for both grain and 
straw yields on both scales. These values were only slightly higher 
than the standard unit estimates. 
The standard unit heritabilities for the regression coefficients 
for grain yield were 0.32 for the random environmental division, and 0.29 
for the stratified division (Table 15). These were the only standard 
unit heritabilities that were significantly different from zero for the 
regression coefficient of grain yield, and they were significant despite 
the lack of significant variation among regressions for one or both 
sets used to calculate the heritabilities. The change from a direct 
to a cube-root scale, however, reduced the standard unit heritabilities 
of the grain yield regressions to small, nonsignificant values. For 
straw yield, the standard unit heritabilities of the regression coeffi­
cient parameter were again only significant for direct scale measure­
ments in the random and stratified sets. The values were 0.54 and 
0.37, respectively (Table 16). Significant variation existed among 
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Table 15. Standard unit heritabilities of the adaptation parameters 
mean yield, regression coefficient, deviation mean square 
and stability variance for grain yields measured on direct 
and cube-root scales for group 12 oat lines tested in 24 
environments. 
Environmental Scale Mean Regression Deviation Stability 
yields coefficients mean squares variances 
Random Direct 0.85** 
Cube-root 0.85** 
Stratified Direct 0.79** 
Cube-root 0.78** 
Extreme Direct 0.84** 
Cube-root 0.84** 
0.32** 
-0.09 
0.29** 
-0.02 
-0.10 
-0.14 
0.07 
0.09 
0.09 
0.09 
0.09 
0.10 
0.07 
0.11 
0.06 
0.10 
0.10 
0.12 
**Significant at 1% level. 
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Table 16. Standard unit heritabilities of the adaptation parameters 
mean yield, regression coefficient, deviation mean square 
and stability variance for straw yields measured on direct 
and cube-root scales for group 12 oat lines tested in 24 
environments. 
Environmental Mean Regression Deviation Stability 
Scale yields coefficients mean squares variances 
Random Direct 0.86** 
Cube-root 0.83** 
Stratified Direct 0.83** 
Cube-root 0.84** 
Extreme Direct 0.81** 
Cube-root 0.81** 
0.54** 
0.03 
0.37** 
-0.06 
0.10 
-0.14 
0.25* 
0.17 
0.19 
0.29** 
0.12 
0.08 
0.30** 
0.21 
0.24* 
0.26* 
0.10 
-0.01 
*Significant at 5% level. 
**Significant at 1% level. 
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regression coefficients measured on the direct scale for both sets 
with these divisions, so more confidence can be placed in the signif­
icance of these values than for the corresponding heritability values 
for grain yield. As with grain yield, however, the change from a direct 
to a cube-root scale reduced the standard unit heritabilities of the 
straw yield regressions to small, nonsignificant values. 
Standard unit heritabilities for the deviation mean square and 
stability variance parameters were small and nonsignificant for grain 
yield on both scales. For straw yield, heritabilities of these parameters 
were greater in magnitude and reached significance for some environmental 
divisions. Standard unit heritabilities for mean yield appeared to be 
much less affected by the change from a direct to a cube-root scale 
than did those for the regression coefficients. 
The large differences between the heritabilities of the regression-
coefficient parameter, when computed from data measured on the direct 
and cube-root scales, may have resulted from different associations of 
this parameter with mean yield when the two scales were used. Corre­
lations between the regression coefficient and mean yield parameters 
were high at 0.78 and 0.85 on the direct scale, but only 0.26 and 0.38 
on the cube-root scale (Table 17). Perhaps, a scale may exist where the 
correlation between the two parameters would be reduced to zero. The 
large differences between the correlations on the direct and cube-
root scales suggest that the regression lines for the 80 oat lines of 
group 12 may all concur in a small region of the environmental space. 
56 
Table 17. Product moment correlations between the mean yield and 
regression coefficient parameters for grain and straw 
yields measured on direct and cube-root scales for 
group 12 oat lines tested in 24 environments. 
Scale Grain yield Straw yield 
Direct 
Cube-root 
0.78 
0 .26  
0.85 
0.38 
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and radiate with heterogeneous slopes outwards from that region. This 
suggestion was investigated by a mean square with one degree of freedom 
for 'concurrence' (Mandel, 1961), which is identical with that proposed 
by Tukey (1949) to test for nonadditivity in an analysis of variance 
with a two-way classification (Mandel, 1961). The mean squares for 
this source were very large and highly significant for both grain and 
straw yields measured on the direct scale (Table 18). In fact, this 
source accounts for almost all of the sums of squares for heterogeneity 
among regressions for both traits. Using the formulas of Mandel (1961), 
the regions of concurrence for the regression lines were found to be 
-10.7 g for grain yield and 4.6 g for straw yield. The negative value 
for grain yield, of course, is impossible, and that for straw yield 
lies outside the range of environments in my study. To be certain the 
large mean squares for concurrence were not due to a few extreme values 
(Mandel, 1961), I plotted regression coefficients against mean yields 
(Figs. 11 and 12), and clearly, strong linear relationships exist for 
both grain and straw yields. 
To calculate realized heritabilities, I selected groups of lines 
with diverging mean grain yield and regression coefficient parameters 
from among the 1200 lines tested in 1967 and 1968 (Table 2). Differences 
between the mean values of the two parameters and the values for the 
randomly selected lines of group 12 were considered to be selection 
differentials. To calculate responses to selection, the values of the 
two parameters for the lines in each group were calculated from two 
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Table 18. Mean squares for the concurrence of grain and straw yield 
regression lines for group 12 oat lines tested in 24 
environments^. 
Source of variation Degrees of 
freedom 
Grain yield Straw yield 
Heterogeneity of regressions 79 38.6 109.3** 
Concurrence 1 1869.9** 6170.2** 
Concurrence 78 15.1 31.6 
Deviations from regression 1738 31.5 45.5 
Measurements were made on 
**F values are significant 
the direct 
at 1% level 
scale. 
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Fig- 11- Plot of regression coefficients versus mean grain yields 
for the 80 oat lines of group 12 tested in 24 environ­
ments. Yields were measured on a direct scale. 
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Fig. 12. Plot of regression coefficients versus mean straw yields 
for the 80 oat lines of group 12 tested in 24 environ­
ments. Yields were measured on a direct scale. 
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sets of environments from 1972-1973. The first set consisted of 
environments 7, 8, 9, 11, 12 and 13 from the test sites set (Tables 
3 and 4), which represent the same population of environments used in 
1967-1968, and the second set consisted of all 19 experiments from 1972 
and 1973 with 3 replicates (Table 3). This second set, in which 
environmental variation was due to many factors, represented a wider 
range of environmental conditions than those available in 1967 and 1968 
when selection was practiced. 
Generally, selection for mean yield, whether low or high, among 
the 1200 lines of the original population was highly effective. There 
was remarkable consistency in the ranking of the group means in the 
selection column (column 1) and test columns (columns 2 and 3) in 
Table 19. By contrast, selection for either high or low regression 
coefficients within yield levels were ineffective. The substantial 
differences between regression coefficients within yield levels found 
in 1967-1968 were not observed in 1972-1973, and in some cases reverses 
in ranking occurred (Table 19)-
The analyses of variance of the 9 groups with balanced selection 
for divergent mean yield and regression coefficients (groups 1 to 9) 
in the 1972-1973 test sites and in all 3-replicate experiments in 1972-
1973 are presented in Tables 20 and 21, respectively- Highly significant 
differences occurred between the mean yields of the 9 groups, but almost 
all the variation could be accounted for by differences between the 
mean yields of the groups selected for divergent yield in 1967-1968. 
62 
Table 19. Means of grain yields and regression coefficients^ for 11 
selected groups of lines tested in 3 sets of environments. 
1967-1968 1972-1973 
Selection test sites test sites 19 environments 
group Mean Regression Mean Regression Mean Regression 
yield coefficient yield coefficient yield coefficient 
1 34.2 1.70 36.7 0.93 28.7 1.10 
2 33.4 0.99 36.2 0.95 29.0 1.08 
3 33.5 0.69 36.9 1.14 29.1 1.09 
4 24.1 1.15 29.9 0.94 23.7 0.91 
5 24.0 1.00 30.1 0.95 23.8 0.90 
6 23.0 0.37 28.3 0.79 23.4 0.84 
7 30.8 1.48 33.2 0.90 26.6 0.99 
8 28.4 1.00 34.2 1.06 27.2 1.02 
9 27.8 0.51 32.4 0.96 26.5 0.96 
10 33.4 1.77 36.6 1.16 28.3 1.10 
11 26.4 0.20 32.6 0.90 26.2 0.95 
12 28.8 33.6 26.8 — 
^Calculated using group 12 as the environmental index. 
^All 3 replicate experiments in 1972-1973. 
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Table 20. Mean squares for grain yields measured on direct and cube-
root scales for 9 selected groups of oat lines tested in 
the 1972-1973 test sites. 
Source of variation Degrees of Mean squares 
freedom Direct Cube-root 
scale scale 
Environments 5 8893.7** 10,552** 
Reps/environments 12 83.9** 0.084** 
Groups 8 2903.3** 3.112** 
Yield levels 2 11047.2** 11.819** 
Regression levels 2 231.1 0.278 
Yield levels x reg. levels 4 167.4 0.176 
Lines/groups 135 104.1** 0.115** 
Groups X environments 40 76.9** 0.081** 
Groups het. regressions 8 52.4 0.039 
Yield levels 2 53.8 0.016 
Regression levels 2 17.6 0.020 
Yield levels x reg. levels 4 69.0 0.059 
Groups deviations 32 83.0** 0.092** 
Lines/groups x environments 675 39.3** 0.041** 
Lines/groups het. regressions 135 25.0 0.031 
Lines/groups deviations 540 42.8** 0.044** 
Residual 1716 27.8 0.029 
**F values are significant at 1% level. 
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Table 21. Mean squares for grain yields measured on direct and cube-
root scales for 9 selected groups of oat lines tested in 
19 environments in 1972-1973. 
Source of variation Mean squares 
Degrees of Direct Cube-root 
freedom scale scale 
Environment s 18 36313.6** 73-637** 
Reps/environments 38 355=4** 0.679** 
Groups 8 4939.6** 6.824** 
Yield levels 2 19513.5** 26.993** 
Regression levels 2 116.1 0.156 
Yield levels x reg. levels 4 64.5 0.073 
Lines/groups 135 159.7** 0.237** 
Groups X environments 144 80.9** 0,072** 
Groups het. regressions 8 638.1** 0.234** 
Yield levels 2 2372.5** 0.638* 
Regression levels 2 101.7 0.223 
Yield levels x reg. levels 4 39.1 0.038 
Groups deviations 136 48.2** 0.063** 
Lines/groups x environments 2430 27.6** 0.041** 
Lines/groups het. regressions 135 34.4* 0.060** 
Lines/groups deviations 2295 27.2** 0.040** 
Residual 5434 21.0 0.030 
*F values are significant at 5% level. 
**F values are significant at 1% level. 
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This further illustrates the effectiveness of selection for mean yield. 
The mean square for groups x environments interaction was significant 
in the 1972-1973 test sites, but that for groups heterogeneity of 
regressions was not. The subdivision of the groups x environments 
interaction into heterogeneity of regressions and deviations components 
is not warranted in this situation. In the 19-environment analyses 
(Table 21) the mean squares for both groups x environments and groups 
heterogeneity of regressions were significant. However, the major part 
of the mean square for groups heterogeneity of regressions was assign­
able to the mean square among the three yield levels, low (selection 
groups 4, 5 and 6), average (selection groups 7, 8 and 9) and high 
(selection groups 1, 2 and 3). Mean squares for heterogeneity of 
regressions among groups selected for different regression coefficients 
were not significant, and neither was the mean square for the inter­
action of selection for divergent regression coefficients and selection 
for divergent mean yields. Altogether, these results confirm that 
selection for regression coefficient levels within yield levels was 
ineffective. 
Although response to selection for levels of regression coefficients 
within a yield level was ineffective for groups of lines, individual 
lines may have deviated significantly from 1.0, in both the 1967-1968 
selection environments and the 1972-1973 response environments. To 
investigate this, the numbers of lines in selection groups 1 to 9 with 
regression coefficients significantly greater than 1.0 or significantly 
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less than 1.0 (regression coefficinet was tested for significance 
against its own deviation mean square) are presented in Table 22. 
The number of lines in each group is 16, so many lines selected to have 
regression coefficients either greater than 1.0 (groups 1, 4 and 7) 
or less than 1.0 (groups 4, 6 and 8), obviously, did not deviate 
significantly in the direction of selection in the 1967-1968 environments. 
For example, in groups 1 and 6, 8 and 11 lines, respectively, deviated 
significantly from 1.0 in the selected direction, but in groups 3 and 
4, only 4 and 1 lines, respectively, deviated significantly in the 
direction of selection. The difference between these two cases resulted 
because a significant positive correlation of 0.44 existed between the 
mean yield and regression coefficient parameters in the original 1200 
line population in 1967-1968. In the 1972-1973 test sites, very few 
lines had regression coefficients that deviated significantly from 1.0. 
In the 19 environments, groups selected for high mean yield in 1967-
1968 (groups 1, 2 and 3) contained an appreciable number of lines with 
regression coefficients significantly greater than 1.0, but no lines 
with regression coefficients significantly less than 1.0, and groups 
selected for low mean yield in 1967-1968 (groups 4, 5 and 6) contained 
a like number of lines with regression coefficients significantly less 
than 1.0, but no lines with regression coefficients significantly greater 
than 1.0. Thus, the data on grain yield and regression coefficients for 
individual lines in groups confirms the conclusion drawn from the group 
means. 
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Table 22. Number of lines in each of 9 groups with regression 
coefficients significantly greater than 1.0 or significantly 
less than 1.0 at the 5% level in 3 sets of environments^. 
Selection 
group 
1967-
test 
-1968 
sites 
1972-
test 
-1973 
sites 19 environments^ 
> 1.0 < 1.0 > 1.0 < 1.0 > 1.0 A O
 
1 8 0 0 1 5 0 
2 0 0 1 0 4 0 
3 0 4 0 0 3 0 
4 1 0 0 0 0 6 
5 0 0 0 1 0 6 
6 0 11 0 1 0 7 
7 4 0 0 1 1 2 
8 0 0 0 0 1 0 
9 0 8 0 0 1 3 
^There are 16 lines in each group. 
^All 3 replicate experiments in 1972-1973. 
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A possible cause of the poor response to selection for divergent 
regression coefficients is a lack of adequate variation among regression 
coefficients in the original sample of lines and environments. Al­
though the mean square for heterogeneity of regression was significant 
in the original analysis of the 1200 lines (Table 23), the heterogeneity 
of regressions sum of squares accounted for a small proportion of the 
2 lines X environments sum of squares (R = 0.21). Furthermore, as 
expected from the correlation of 0.44 between regression coefficients 
and mean yields, a substantial portion of the heterogeneity of regressions 
sum of squares was due to concurrence. The point of concurrence was 
at 5.1 g, a point below the range of environments used in 1967-1968. 
Response-to-selection heritabilities were estimated for mean grain 
yield using the method of Falconer (1954), but because of the lack of 
response to selection for regression coefficients independent of mean 
yields, no attempt was made to estimate response-to-selection herit­
abilities for the regression coefficients. The selection differentials, 
responses to selection and heritabilities for mean grain yield are 
presented in Table 24. The selection differentials and responses were 
measured relative to the random lines of group 12. On the direct 
scale, the response-to-selection heritability was 0.62 for increasing 
grain yield in the test sites set, and 0.44 for increasing grain yield 
when response was measured in 19 environments. The corresponding values 
for decreasing grain yield were 0.80 and 0.62, respectively. On the 
cube-root scale, the heritabilities for increasing and decreasing mean 
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Table 23. Mean squares for grain yields of 1200 random oat lines 
tested in 6 environments in Iowa in 1967-1968 . 
Source of variation Degrees of freedom Mean squares 
Environments 
Reps/environments 
Lines 
Lines x environments 
Het. of regressions 
Concurrence 
Nonconcurrenc e 
Deviations 
Residual 
5 
12 
1199 
5995 
1199 
1 
1198 
4796 
14338 
109717.9** 
1288.2** 
169.5** 
38.0** 
39.9** 
9385.2** 
32.1 
37.5** 
23.5 
Measurements were made on the direct scale. 
**F values are significant at 1% level. 
Table 24. Responses to selection and response-to-selection heritabilities for grain yield in 
1972-1973. 
Selection Selection Selection 1972-1973 
Scale criterion groups differential test sites 19 environments 
Response Heritability Response Heritability 
Direct Increasing 
yield 
1, 2, 3 4.9 3.0 0.62 2.1 0.44 
Direct Decreasing 
yield 
4, 5, 6 -5.1 -4.1 0.80 -3.2 0.62 
Cube-root Increasing 
yield 
1. 2, 3 0.17 0.10 0.58 0.07 0.45 
Cube-root Decreasing 
yield 
4, 5, 6 -0.22 -0.14 0.61 -0.12 0.55 
^All 3 replicate experiments in 1972-1973. 
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yields are more nearly equal, indicating that some of the asymmetry 
of response is due to scale effects. 
C. Transformation Effects on Ranking of Lines 
The Spearman rank correlation coefficients between means of yields 
measured on the direct scale and those measured on the cube-root scale 
were 0.99 for both straw and grain which shows that these scales rank 
the oat lines in group 12 almost identically (Table 25). However, 
similar correlations for regression coefficients computed for data 
measured on direct and cube-root scales were only 0.78 and 0.71 for 
grain and straw, respectively, which shows that the two scales did not 
rank the oat lines identically for regression adaptation values. The 
rank correlations for deviations mean squares and stability variances 
ranged from 0.91 to 0.92 which shows that the two scales tended to 
rank lines quite similarly. 
D. Specificity of Adaptation parameters 
To investigate the specificity of adaptation parameters to factors 
of environmental variation, the 30 environments I had were divided into 
six sets, Castana rotations, Kanawha rotations, rates of planting, dates 
of planting, Kanawha fields and test sites (Table 4). 
Genotypic, genotype x environmental interaction and residual vari­
ance components estimated from yields of group 12 oat lines from the six 
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Table 25. Spearman rank correlations between arrays of the same 
adaptation parameter from yield measurements made on 
direct and cube-root scales. Arrays were for grain 
and straw yields for group 12 oat lines tested in 
24 environments. 
Mean Regression Deviation Stability 
yield coefficient mean square variance 
Grain yield 0.99 0.78 0 .92  0.91 
Straw yield 0.99 0.71 0.91 0.91 
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sets of environments are presented for grain yield in Table 26 and for 
straw yield in Table 27. The genotypic variances for grain yield measured 
2 2 
on the direct ranged from 1.5 g in the Castana rotations set to 5.7 g 
2 in the test sites set. For straw yield the range was from 1.1 g to 
2 10.0 g between the same two sets. As expected from relationships shown 
in Figs. 5 and 6, the genotypic variances were directly related to the 
mean yields of the environmental sets (Table 26, 27 and 28). The range 
for estimates of genotypic variance from the different sets was reduced 
when measurements were made on a cube-root scale, but a positive re­
lationship between mean yields and genotypic variances still existed 
(Tables 26, 27 and 28). Large differences existed between the variance 
estimates of genotype-environmental interaction for grain yield in the 
six sets (Table 26). The largest one occurred in the test sites set, 
where it was 77% as large as the genotypic variance, and the smallest 
occurred in the rates of planting sets, and Kanawha fields where they 
were effectively zero. There seemed to be no clear relationship between 
the magnitudes of the genotypic variances and those of the genotype-
environmental interaction variances. Some changes occurred to the 
genotype-environmental interaction variances when the scale was changed 
to cube root, but the heterogeneity and lack of a direct relationship 
with the genotypic variance remained. 
Also, large differences existed between the estimates of genotype-
environmental interaction variance for straw yield in the six environ­
mental sets (Table 27). Again, the largest one occurred in the 
Table 26. Estimates of genotypie, genotype-environmental, and residual variance components 
for grain yields measured on direct and cube-root scales for group 12 oat lines 
tested in 6 sets of environments. 
Direct scale Cube-root scale (x 10 
Environmental set Genotypie Genotype x 
environmental 
Residual Genotypic Genotype x 
environmental 
Residual 
Castana rotations 1.5** 0.8 17.0 3.9** 3.0* 41.6 
Kanawha rotations 1.8** 2.2** 16.0 5.2** 1.9 35.4 
Rates of planting 4.3** -0.1 23.8 4.6** -0.2 28.2 
Dates of planting 3.8** 2.5** 20.0 5.3** 3.1* 23.0 
Kanawha fields 4.0** 0.2 17.3 6.7** 0.6 23.0 
Test sites 5.7** 4.4** 27.1 6.8** 5.6** 30.0 
^Significant at 5% level. 
**Significant at 1% level. 
Table 27. Estimates of genotypic, genotype-environmental, and residual variance components 
for straw yields measured on direct and cube-root scales for group 12 oat lines 
tested in 6 sets of environments. 
Direct scale Cube-root scale (x 10 h 
Environmental set Genotypic Genotype x 
environmental 
Residual Genotypic Genotype x 
environmental 
Residual 
Castana rotations 1.1** 0.9 19.8 3.2** 3.3* 51.4 
Kanawha rotations 2.2** 2.9** 22.1 4.2** 2.5 34.5 
Rates of planting 5.6** -0.1 34.1 4.7** 0.1 29.6 
Dates of planting 5.7** 1.7 31.5 6.0** 1.9 31.8 
Kanawha fields 4.5** 2.0* 26.0 4.9** 1.1 26.7 
Test sites 10.0** 6.6** 45.2 7.9** 4.9** 34.2 
^Significant at 5% level. 
**Signifleant at 1% level. 
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Table 28. Means and environmental ranges for grain and straw yields 
measured on direct and cube—root scales for group 12 oat 
lines tested in six sets of environments. 
Environmental set Scale Grain yield 
Mean Range 
Straw yield 
Mean Range 
Castana rotations 
Kanawha rotations 
Rates of planting 
Dates of planting 
Kanawha fields 
Test sites 
Direct 
Cube-root 
Direct 
Cube-root 
Direct 
Cube-root 
Direct 
Cube-root 
Direct 
Cube-root 
Direct 
Cube-root 
15.8 
2.42 
18.7 
2.57 
31.8 
3.15 
27.8 
2.99 
24.9 
2.87 
31.2 
3.12 
20.2 
1.09 
23.5 
1.15 
6.8  
0.23 
16.3 
0.63 
24.6 
0.98 
18.2 
0.48 
15.6 
2.38 
23.1 
2.76 
38.8 
3.36 
34.3 
3.22 
30.8 
3.07 
41.0 
3.42 
22.7 
1.24 
29.7 
1.18 
12.8 
0.38 
15.5 
0.50 
32.1 
1.08 
23.2 
0.65 
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test sites set, the smallest in the rates of planting set, and there 
was no apparent relationship between the magnitude of the genotypic 
variance and magnitude of the genotype-environmental interaction variance. 
However, there was a significant genotype-environmental interaction 
in the dates of planting set for grain yield but not for straw yield. 
As with grain yield, the change of scale changed the relative magnitudes 
of the genotype-environmental interaction variances of the 6 sets, but 
the heterogeneity remained. 
Substantial environmental ranges occurred for both traits in all 
sets, except, possibly, the rates of planting one (Table 28). The 
magnitude of the genotype-environmental interaction variance, however, 
did not appear to be related to the environmental range. The set with 
no genotype-environmental interaction variances (rates of planting) had 
small environmental ranges for both traits, but the set with particularly 
large genotype-environmental interaction variances (test sites) did not 
have particularly large environmental ranges. 
The magnitude of the variation for genotype-environmental variation, 
therefore, appeared to depend primarily on the factors causing environ­
mental variation in each set. Environmental variation in the test sites 
set, which exhibited the largest genotype-environmental variation for 
both grain and straw yield, was due to both year and location effects. 
Such effects would expose the oat lines to different temperatures, photo-
periods, moisture conditions, uncontrollable diseases, and probably, many 
other environmental conditions. All the experiments in this set were 
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on soils which were assumed to be highly fertile, but fertility dif­
ferences may have occurred, also. Thus, environmental variation in 
this set was probably more complex than in any of the other sets, and 
this fact alone may have contributed to the large genotype-environmental 
interaction variance. For grain yield, the set with the second largest 
genotype-environmental interaction variance was the dates of planting 
set. The genotype-environmental interaction variance in the dates of 
planting set was 66% as large as the genotypic variance on the direct 
scale, and 58% as large on the cubs-root scale. Environmental variation 
in this set was due to temperature and photoperiod effects, so a rough 
evaluation of the importance of these factors in the test-sites set 
na-n be made by comparing stability variances and regression coefficients 
from the two sets. This evaluation will be conducted later in this 
section. 
The Kanawha rotations set was the only one to show both significant 
genotype-environmental interaction and significant heterogeneity of 
regressions for grain yield on the direct scale (Tables 26 and 29). 
None of the sets showed significant heterogeneity of regressions for 
grain yield on the cube-root scale (Table 29). 
For straw yield, the Kanawha rotations, Kanawha fields, and test 
sites sets all showed significant genotype-environmental interaction and 
a significant heterogeneity of regressions on the direct scale (Tables 
27 and 30). The dates of planting set produced a genotype-environmental 
interaction variance that approached significance, and a heterogeneity 
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Table 29. Heterogeneity of regressions and deviations mean squares 
for grain yields measured on direct and cube-root scales 
for group 12 oat lines tested in 6 sets of environments. 
Direct scale Cube-root scale (x 10 ) 
Heterogeneity Deviations Heterogeneity Deviations 
Environmental set of regressions of regressions 
Castana rotations 26.4** 16.1 43.1 54.4 
Kanawha rotations 27.8** 18.0 29.1 42.7 
Rates of planting 24.0 23.3 28.5 27.2 
Dates of planting 25.8 29.1 42.9 31.6 
Kanawha fields 22.5* 15.4 23.6 25.5 
Test sites 28.4 41.4 37.6 47.6 
*Heterogeneity of regressions mean square is significant at 
5% level. 
**Heterogeneity of regressions mean square is significant at 
1% level. 
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Table 30. Heterogeneity of regressions and deviations mean squares 
for straw yields measured on direct and cube-root scales 
for group 12 oat lines tested in 6 sets of environments. 
Direct scale Cube-root scale 
Heterogeneity Deviations Heterogeneity Deviations 
Environmental set of regressions of regressions 
Castana rotations 32.4** 17.4 57.8 63.1 
Kanawha rotations 61.4** 20.7 44.8 37.8 
Rates of planting 34.7 33.4 30.7 29.7 
Dates of planting 47.9** 25.2 48.4** 26.5 
Kanawha fields 51.8** 23.2 31.7 28.9 
. Test sites 93.9** 62.1 55.8 48.3 
**Heterogeneity of regressions mean square is significant at 
1% level. 
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of regressions that was significant. Only the dates of planting set 
showed significance for heterogeneity of regressions on the cube-root 
scale (Table 30). 
Correlation coefficients were calculated among sets for the adapta­
tion parameters mean yield, regression coefficient, and stability vari­
ance. The correlations were calculated despite the lack of genotype-
environmental interaction in some sets, and inadequacy of the regressions 
model in others. When genotype-environmental interaction does not exist, 
I consider mean yield to be the only important parameter of adaptation, 
so, for the other parameters, correlations that involved sets with no 
genotype-environmental interaction have little value. Similarly, for 
regression coefficients, correlations that involved sets where there 
was significant genotype-environmental interaction, but the regression 
model did not explain a significant portion of this interaction, have 
little value. I consider correlations for deviation mean squares to be 
of little use because if the regression model is appropriate, regression 
coefficients should utilize the useful information in the genotype-
environmental interaction variance, and if not appropriate, the stability 
variance parameters will utilize more information than the deviation 
mean squares. These correlations should reflect similarities between 
the adaptation parameters calculated for the lines in one set with those 
calculated in another. If regarded as standard unit heritabilities, 
they measure the ability to alter adaptation responses in one set by 
selection in another set. 
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All correlations between sets of line mean yields were highly 
significant for both grain and straw yields (Tables 31 and 32). There 
were, however, substantial differences between the magnitudes of the 
correlations, the highest being between the dates of planting and test 
sites sets, and the lowest being between the Castana rotations and 
Kanawha rotations sets. 
The high correlation between the dates of planting and test sites 
sets might have been due to them having environment 11 in common. To 
test this hypothesis, environment 19, which was very similar to 
environment 11 (Table 3), was substituted for it in the dates of planting 
set, and the correlations were recalculated. The correlations were 
reduced to 0.59 for grain yield and 0.72 for straw yield. Both correla­
tions were still very high. 
The grain yield regression coefficients for the lines in any of 
the sets were poorly correlated with the regression coefficients from 
any of the other sets (Table 33). Because of the general failure of the 
regression model for grain yield, this result was not surprising. There 
was a significant correlation between the regression coefficients in the 
rates of planting set and those in the test sites test, but this was due 
to the common environment 11, because when environment 19 was substituted 
for environment 11 the correlation became small and nonsignificant. The 
transformation from a direct to cube-root scale decreased the correlations, 
and all were nonsignificant on this scale. 
The straw yield regression coefficients were also poorly correlated 
Table 31. Product moment correlation coefficients among six sets of environments between 
arrays of mean grain yields for group 12 oat lines. Means were calculated from 
yields measured on both direct and cube-root scales®. 
Castana Kanawha Rates of Dates of Kanawha Test 
rotations rotations planting planting fields sites 
Gastana rotations 0.29** 0.42** 0.47** 0.48** 0.51** 
Kanawha rotations 0.28** 0.52** 0.45** 0.53** 0.57** 
Rates of planting 0.41** 0.53** 0.62** 0.50** 0.56** 
Dates of planting 0.43** 0.44** 0.61** 0.62** 0.72** 
Kanawha fields 0.51** 0.52** 0.51** 0.63** 
Test sites 0.51** 0.54** 0.55** 0.68** 
^Correlation coefficients between means from grain yields measured on the direct scale 
are above the diagonal, correlation coefficients between means from grain yields measured on 
the cube-root scale are below the diagonal. 
**Correlation coefficient is significantly different from 0.0 at 1% level. 
Table 32. Product moment correlation coefficients among six sets of environments between 
arrays of mean straw yields for group 12 oat lines. Means were calculated from 
yields measured on both direct and cube-root scales^. 
Castana Kanawha Rates of Dates of Kanawha Test 
rotations rotations planting planting fields sites 
Castana rotations 
Kanawha rotations 
Rates of planting 
Dates of planting 
Kanawha fields 
Test sites 
0.41** 
0.48** 
0.50** 
O.SAwîV 
0.51** 
0.38** 
0.43** 
0.56** 
0.57"* 
0.59** 
0.48** 
0.44** 
0.51** 
0.5n&* 
0.61** 
0.52** 
0.54** 
0.52** 
0.68** 
0.77** 
0.50** 
0.54** 
0.59** 
0.65** 
0.49** 
0.61** 
0.63** 
0.77** 
Correlation coefficients between means from straw yields measured on the direct scale 
are above the diagonal, correlation coefficients between means from straw yields measured 
on the cube-root scale are below the diagonal. 
**Correlation coefficient is significantly different from 0.0 at the 1% level. 
Table 33. Product moment correlation coefficients among six sets of environments between 
arrays of grain yield regression coefficients for group 12 oat lines. Regression 
coefficients were calculated from yields measured on both direct and cube-root 
scales^. 
Castana Kanawha Rates of Dates of Kanawha Test 
rotations rotations planting planting fields sites 
Castana rotations 0.20 -0.13 0.00 0.04 0.06 
Kanawha rotations 0.16 0.04 0.28* 0.14 0.21 
Rates of planting -0.11 0.02 -0.10 0.00 0.03 
Dates of planting -0.05 0.16 -0.15 -0.06 0.24* 
Kanawha fields -0.03 0.02 -0.02 -0.15 
Test sites 0.02 0.14 -0.01 0.08 
^Correlation coefficients between regressions from yields measured on the direct scale 
are above the diagonal, correlation coefficients between regressions from yields measured 
on the cube root scale are below the diagonal. 
*Correlation coefficient is significantly different from 0.0 at 5% level. 
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across sets (Table 34). Because many of the sets showed a highly 
significant heterogeneity of regression for this trait (Table 30), the 
significant correlations were expected. Regression coefficients cal­
culated in the Kanawha rotations and rates of planting sets were signifi­
cantly correlated with those from the test sites set, but because of the 
complete lack of genotype-environmental interaction in the rates of 
planting set (Table 27); the second significant correlation should be 
regarded cautiously. The change from the direct to cube-root scale 
reduced all correlations to an insignificant level (Table 34). 
The results with stability variances were similar to those with 
regression coefficients. Most of the correlations were small and 
nonsignificant for both traits (Tables 35 and 36), which indicates that 
these parameters were generally specific to the environmental set in 
which they were measured. The high correlation between the stability 
variances calculated in the rates of planting set with those in the test 
sites set for straw yield being due to the common environment 11. There 
was, however, a significant correlation between the stability variances 
calculated in the times of planting set and those in the Castana rota 
tions set on both scales. There is no obvious explanation for this 
correlation. It may have been due to chance. 
For grain yield, adaptation parameters estimated from the dates 
of planting set showed the closest affinity to those from the test 
sites set. Even for stability variances, the correlations between 
these two sets was 0.19 when the parameters were estimated on the 
Table 34. Product moment correlation coefficients among six sets of environments between 
arrays of straw yield regression coefficients for group 12 oat lines. Regression 
coefficients were calculated from yields measured on both direct and cube-root 
scales®. 
Castana Kanawha Rates of Dates of Kanawha Test 
rotations rotations planting planting fields sites 
Castana rotation 0.14 -0.15 -0.14 0.15 0.06 
Kanawha rotations 0.20 -0.02 -0.21 0.14 0.24* 
Rates of planting -0.19 -0.09 0.12 0.02 0.22* 
Dates of planting -0.19 -0.26 0.06 -0.15 0.01 
Kanawha fields -0.04 0.03 -0.07 -0.14 
Test sites -0.04 0.15 0.14 -0.05 
^Correlation coefficients between regressions from yields measured on the direct scale 
are above the diagonal, correlation coefficients between regressions from yields measured 
on the cube-root scale are below the diagonal. 
*Correlation coefficient is significantly different from 0.0 at the 5% level. 
Table 35. Product moment correlation coefficients among six sets of environments between 
arrays of grain yield stability variances for group 12 oat lines. Stability 
variances were calculated from yields measured on both direct and cube-root 
scales®. 
Castana Kanawha Rates of Dates of Kanawha Test 
rotations rotations planting planting fields sites 
Castana rotations -0.06 0.11 0.08 -0.01 0.00 
Kanawha rotations -0.07 0.11 0.13 -0.12 -0.04 
Rates of planting -0.01 0.14 -0.13 0.04 0.02 
Dates of planting 0.06 0.24* -0.07 0.12 0.19 
Kanawha fields 0.03 -0.09 -0.03 0.09 
Test sites -0.11 -0.07 0.07 0.11 
^Correlation coefficients between stability variances from yields measured on the direct 
scale are above the diagonal, correlation coefficients between stability variances from 
yields measured on the cube-root scale are below the diagonal. 
^Correlation coefficient is significantly different from 0.0 at 5% level. 
Table 36. Product moment correlation coefficients among six sets of environments between 
arrays of straw yield stability variances for group 12 oat lines. Stability 
variances were calculated from yields measured on both direct and cube-root 
scales®. 
Castana Kanawha Rates of Dates of Kanawha Test 
rotations rotations planting planting fields sites 
Castana rotations -0.11 -0.07 0.33** -0.07 -0.04 
Kanawha rotations 0.03 0.07 0.13 0.01 -0.02 
Rates of planting -0.11 0.01 0.13 -0.07 0.06 
Dates of planting 0.24* 0.13 0.13 0.11 0.30** 
Kanawha fields -0.11 -0.07 -0.06 0.00 
Test sites -0.06 0.01 0.01 0.22 
Correlation coefficients between stability variances from yields measured on the direct 
scale are above the diagonal, correlation coefficients between stability variances from 
yields measured on the cube root scale are below the diagonal. 
^Correlation coefficient is significantly different from 0.0 at 5% level. 
**Correlation coefficient is significantly different from 0.0 at 1% level. 
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direct scale, a value approaching significance. On the cube-root scale, 
the correlation was reduced to 0.11, a nonsignificant value. Never­
theless, the suggestion can be made that some of the genotype-environ­
mental interaction variation which is present in the test sites set, 
very likely, was due to interaction of the genotypes and photoperiod 
and temperature factors. 
Within sets, the mean yield and regression coefficient parameters 
calculated from grain yields measured on the direct scale were all 
positively correlated, and reached significance for all sets except 
the rates of planting one (Table 37). The environmental range of grain 
yields in this set was considerably smaller than the ranges in other 
sets (Table 28) and no genotype-environmental interaction variation 
existed (Table 26) so the low correlation was expected. The correla­
tions between mean yield and regression coefficient parameters from 
grain yields measured on the cube-root scale all were small and non­
significant, except in the Castana rotations set where it was greatly 
reduced from the value obtained from measurements made on the direct 
scale (Table 37). Correlations between mean yields and the deviation 
mean square parameters, and mean yields and stability variance parameters 
were small and nonsignificant except in the Castana rotations set, where 
they were significantly positive, and in the test sites set, where they 
were significantly negative. Some significant correlations occurred 
between regression coefficients and deviations mean squares parameters, 
but there was no readily observable pattern. 
Table 37. Product moment correlation coefficients between mean yields and regression 
coefficients, mean yields and deviation mean squares, mean yields and stability 
variances and regression coefficients and deviation mean squares for grain 
yields measured on direct and cube-root scales for group 12 oat lines in six 
sets of environments. 
Mean yields with Regression 
Environmental Scale Regression Deviation Stability coefficients 
set coefficients mean variances with devlati* 
squares mean squares 
Castana rotations Direct 0.74** 0.22* 0.25* 0.05 
Cube-root 0.26* -0.06 -0.03 -0.02 
Kanawha rotations Direct 0.62** 0.20 0.16 0.23* 
Cube-root 0.19 0.02 0.04 0.12 
Rates of planting Direct 0.14 0.14 0.16 -0.22* 
Cube-root 0.04 0.00 0.01 -0.25* 
Dates of planting Direct 0.34** -0.01 -0.10 0.03 
Cube-root -0.03 -0.06 -0.13 0.02 
Kanawha fields Direct 0.52** 0.05 0.02 0.22* 
Cube-root 0.03 -0.13 -0.14 0.21 
Test sites Direct 0.39** -0.02 -0.05 -0.16 
Cube-root 0.05 -0.26* -0.28* -0.23* 
^Correlation coefficient is significantly different from 0.0 at 5% level. 
^^Correlation coefficient is significantly different from 0.0 at 1% level. 
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Within sets, the mean yield and regression coefficient parameters 
calculated from straw yields measured on the direct scale were positively 
correlated except for the rates and planting and dates of planting sets 
(Table 38). These two sets both exhibited small environmental ranges 
(Table 27) and nonsignificant genotype-environmental interaction variances 
when compared to the other sets (Table 27). The correlations tended to 
be reduced when the change was made to a cube-root scale, but in the 
Kanawha rotations, Kanawha fields and test sites sets they were still 
large and significant. No significant correlations occurred between 
mean yields and deviation mean squares. Three significant correlations 
occurred between mean yields and stability variances on the direct 
scale, but all correlations were nonsignificant on the cube-root scale. 
The correlations between regression coefficients and deviations mean 
squares were generally small and nonsignificant on both scales for straw 
yield. 
Table 38. Product moment correlation coefficients between mean yields and regression 
coefficients, mean yields and deviation mean squares, mean yields and stability 
variances and regression coefficients and deviation mean squares for straw 
yields measured on direct and cube-root scales for group 12 oat lines in six 
sets of environments. 
Mean yields with Regression 
Environmental Scale Regression Deviation Stability coefficients 
set coefficients mean variances with deviation 
squares mean squares 
Castana rotations Direct 0.59** -0.03 0.27* -0.20 
Cube-root -0.01 -0.17 -0.09 -0.17 
Kanawha rotations Direct 0.65** 0.20 0.28* 0.27* 
Cube-root 0.25* 0.03 0.12 0.17 
Rates of planting Direct 0.11 -0.06 0.08 -0.03 
Cube-root -0.07 -0.18 -0.07 0.01 
Dates of planting Direct 0.06 -0.02 0.14 0.03 
Cube-root -0.22 -0.08 0.07 0.04 
Kanawha fields Direct 0.74** 0.13 0.38** 0.01 
Cube-root 0.41** 0.02 0.09 -0.04 
Test sites Direct 0.63** 0.09 0.06 0.08 
Cube-root 0.37** -0.13 -0.15 -0.04 
^Correlation coefficient is significantly different from 0.0 at 5% level. 
^^Correlation coefficient is significantly different from 0.0 at 1% level. 
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VI. DISCUSSION 
The presence of genotype-environmental interaction, in a statistical 
context, means that the relative performances of genotypes are dependent 
on the environment in which they are tested. In a genetical context, 
it can mean that differences in genotypic plasticity are occurring, where 
plasticity, as defined by Bradshaw (1965), is the ability of a genotype 
to alter its phenotype in response to environmental change. If plasticity 
is under genetic control, and Bradshaw (1965) suggests that for some 
traits in some plant species it is, it will respond to selection. The 
statistical problem is to define and measure the portion of the genotype-
environmental interaction that is due to repeatable and useable (i.e., 
genetic) differences in plasticity. 
According to Bradshaw (1965), grain and straw yield of oats are 
both very plastic traits. Both vary markedly with environmental varia­
tion, with straw yield being more plastic than grain yield. Both 
showed genotype-environmental interaction in some sets of environments, 
but not in others. The creation of environmental differences alone did 
not induce genotype-environmental interaction; indeed, the existence of 
genotype-environmental interaction appeared to be specific to certain 
environmental factors. Of course, the testing of oat genotypes could 
be greatly simplified if the environmental factors which contribute most 
greatly to genotype-environmental interaction could be identified. For 
grain yield, the greatest genotype-environmental interaction occurred 
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in a set of environments differing in years and locations and in a set 
with different dates of planting. Temperature and photoperiod differ­
ences probably contributed to the environmental effects in these two 
sets, which suggested that grain yields of the oat genotypes in my 
population interacted more with these two factors than with factors 
such as plant density and fertility levels. If so, care should be taken 
when testing oat genotypes destined for release in Iowa tc ensure they 
are tested over the whole temperature and photoperiod regimes likely 
to occur in Iowa. Further experimental evidence is required before 
such a suggestion is applied in the oat testing program, but experiments 
to obtain this evidence are definitely warranted. For straw yields, the 
greatest genotype-environmental interaction also occurred in the set 
of environments with different years and locations. The more basic 
environmental causes were not suggested, however, from the other sets 
of environments. 
The best parameter yet developed to examine differences in plasticity 
for quantitatively inherited traits, such as grain and straw yields of 
oats, is the regression coefficient. The value of this parameter lies 
in its ability to explain a portion of the genotype-environmental inter­
action variation in terms of environmental effects, which are much 
more manageable than genotype-environmental interaction effects per se 
(Wright, 1971). However, the portion of the genotype-environmental 
interaction variation explained by differences among regression lines 
must be of reasonable magnitude for the regression parameter to be of 
96 
practical use (Baker, 1969; Shukla, 1972; Freeman, 1973). Furthermore, 
the regression coefficient parameter must be repeatable, or heritable 
across samples of environments. But these considerations alone do not 
guarantee the usefulness of the regression coefficient parameter for 
practical selection purposes in plant breeding. If this parameter is 
highly correlated with the mean yield parameter, the regression lines 
described by the regression coefficient will concur at some small 
region of the environmental space, and radiate with varying slopes out 
from that region. If the region is above or below the normal environ­
mental range, as occurred for both grain and straw yield in my oat 
population, selection using the mean-yield parameter alone will produce 
genotypes which are well adapted at all yield levels, and the selection 
of genotypes which are specifically adapted to either high or low 
yielding environments, as suggested by Finlay and Wilkinson (1963), 
will be difficult. Significant correlations between mean yield and 
regression coefficient parameters have been reported previously 
(Eberhart and Russell, 1966; Perkins and Jinks, 1968; Fatunla and Frey, 
1974), and graphical techniques have been used to estimate the point 
of concurrence (Troughton, 1970), but the powerful analytical techniques 
of Mandel (1961) have not been used. These analytical techniques pro­
vide precise estimates of concurrence points, and allow concurrence 
to be assayed in an analysis of variance. 
For grain yield of oats in my experiments, the heterogeneity 
between regressions explained a small part of the genotype-environmental 
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interaction variation in most environmental sets I examined. Therefore, 
the regression coefficient and deviations from regression parameters 
had little value for grain yield. For straw yield, the heterogeneity 
between regressions was significant in many environmental sets, and 
standard unit heritabilities for regression coefficients obtained from 
yields measured on the direct scale were significant across some samples 
of environments. However, correlations between regression coefficients 
and mean yields were high in all sets except these with small environ­
mental ranges, and in the set of 24 environments where detailed analyses 
were made, the regression lines were shown to concur below the normal 
environmental range for straw yields of oats in Iowa. The positive 
correlation between means and regression coefficients for straw yields, 
although strong, were not absolute. Exceptional lines which are 
specifically adapted to high or low yielding environments may have 
existed in my population, but they were uncommon. To find such excep­
tional lines, a plot of regression coefficients against mean yields, as 
described by Finlay and Wilkinson (1963), should be useful. 
Where there is significant genotype-environmental variation, and 
the regression coefficient parameter fails, methods of partitioning 
the genotype-environmental variation into components should be examined. 
I used the stability variance of Shukla (1972) to partition the genotype-
environmental variance into components due to individual genotypes, 
but found these were not repeatable across sets of environments for 
grain yield. For straw yield, stability variances were more repeatable. 
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and they could be used to assist in the selection of genotypes with 
more stable yield production. The best lines would be those with high 
mean yields and low stability variances. These lines should give 
consistently high straw yields in all environments. 
Mean grain and straw yields exhibited high heritabilities when 
calculated by the standard-unit, variance-component or response-to-
selection methods. Standard unit heritabilities for means were high 
regardless of the samples of environments used for estimation. Means 
were simpler to estimate than the other parameters, and for grain yields 
at least, were the only parameters that could be used effectively in my 
population. 
The failure of the parameters of dynamic response to assist 
significantly in the selection of superior oat genotypes might have been 
due either to the genotypes or the environments used. 
The oat lines used in my experiments came from a bulk of many 
crosses, and, therefore, were genetically very diverse. Frey (1972) 
examined regression coefficients of oat isolines which differed only 
for gennplasm at and around crown rust reaction loci: Therefore his 
lines were genetically very similar. The regression lines for this 
author's genotypes were very precise, and some lines crossed in the 
middle of the environmental range, which suggested that isolines 
specifically adapted to high or low yielding environments could be 
selected. The striking difference between the successful application 
of the regression model for these isolines and the failure for my 
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diverse population suggests that the regression model may be most 
useful when genotypic differences for the trait being selected are 
controlled by alleles at a few loci. 
The environmental variability in my set of environments was due 
to many factors. However, oats grovm in Iowa are often grown in soils 
of poor fertility, are planted late, and are planted at low and variable 
densities. However, when the total set was subdivided so that variation 
was due to one or a few more easily definable variables, the magnitude 
of the genotype-environmental variation appeared to depend only on the 
type of environmental factors involved, and not on simple scale effects 
such as the environmental range or mean. However, the high correlations 
between regression coefficients and means in sets with significant 
regression coefficients suggest that most of the heterogeneity of 
regressions was due to concurrence, as with the entire set, except 
possibly for straw yield in the dates of planting set. 
When genotype-environmental interactions are large and the uni­
variate parameters of the type I tried do not assist with the identifi­
cation of the desirable genotypes, multivariate techniques may be useful 
(Freeman, 1973). Mungomery, Shorter and Byth (1974) used cluster analysis 
to study the adaptation of soybeans to the south-eastern Queensland 
environment in Australia, and Freeman and Dowker (1973) used principal 
component methods to study the adaptation of carrots in the English 
environment. However, the number of studies so far published for these 
methods are too few to assess their general usefulness (Freeman, 1973). 
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Two scales of measurement were used throughout this study. The 
direct scale is the one usually used in agronomy, but errors were 
heterogeneous and highly correlated with means of this scale. The 
cube-root scale removed this correlation, and made the errors more 
homogeneous. Tests of significance among means were generally similar 
on both scales, but for heterogeneity among regressions, the tests 
produced different results. This suggested that tests of significance 
among means were accurate on the direct scale, but not accurate among 
regressions. The regression coefficient parameters differed substantially 
on the two scales, demonstrating that great care should be taken when 
comparing regression coefficient parameters estimated on different scales. 
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VII. SUMMARY AM) CONCLUSIONS 
Variation for genotypic values existed for grain and straw yields 
of my oat population in almost all environments examined. However, 
variation for genotype-environmental interaction existed in some environ­
mental sets only, and the magnitude of this variation depended on the 
specific factors causing the environmental variation, and not the 
existence of environmental variation alone. 
The heritabilities of mean grain and straw yields were independent 
of environmental yields, and when estimated from means from large sets 
of environments, they were extremely high. For grain yields, the 
regression coefficient, deviations from regression mean square, and 
stability variance parameters did not appear heritable, but for straw 
yield, the regression coefficient parameter from measurements made on 
a direct scale and stability variance parameter appeared heritable 
across some sets of environments. However, the heritabilities for these 
two parameters were much lower and less consistent across sets of 
environments than the heritabilities for the mean yield parameter. 
Furthermore, there was a high positive correlation between the mean 
yield and regression coefficient parameters, so I concluded that the 
regression coefficient parameter had little value for practical selection 
purposes. 
Mean yield parameters from sets of environments where variation 
was caused by different environmental factors were highly correlated 
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among the sets, but similar correlations for the regression coefficient 
and stability variance parameters were generally low and nonsignificant. 
Therefore, regression coefficient and stability variance parameters 
were generally specific to factors of environmental variation. However, 
genotype-environmental variation die', not exist in some environmental 
sets, and in others where it existed, there were no significant 
differences among regression coefficients. The stability variance and 
regression coefficient parameters, therefore, were not always necessary 
or appropriate for measuring genotypic response to environmental variation. 
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